For the first time, realistic, nonlinear gyrokinetic simulations spanning both the ion and electron spatio-temporal scales have demonstrated the coexistence of ion (k θ ρ s ∼ O(1.0)) and electron-scale (k θ ρ e ∼ O(1.0)) turbulence in the core of a tokamak plasma and the possible explanation of a documented discrepancy between simulation and experiment. These cutting-edge, multi-scale simulations utilized the GYRO code [J.
heat flux when using simulations only including ion-scale turbulence. Electron-scale turbulence is found to play a dominant role in setting the electron heat flux level and radially-elongated "streamers" are found to coexist with larger ion-scale eddies in experimental plasma conditions. Inclusion of electron-scale turbulence in these simulations is found to increase both ion and electron heat flux levels by enhancing the transport at the ion-scale while also driving electron heat flux at sub-ρ i scales. These results suggest that previously observed discrepancies in the electron heat flux may be explained by inclusion of electron-scale contributions in gyrokinetic simulation. a) Electronic mail: nthoward@psfc.mit.edu
I. INTRODUCTION
Despite decades of research, anomalous electron heat transport in fusion plasmas is still not well understood and is extremely important to the success of ITER and future fusion reactors. It is generally believed that most anomalous transport observed in magnetic fusion devices is the result of long-wavelength (k θ ρ s < 1.0), drift-wave-type instabilities driven unstable by free energy in the plasma's background gradients 1 . Here k θ is the perpendicular wavenumber, ρ s = c s /Ω ci is the sound speed gyroradius, Ω ci = eB/m i c is the ion gyrofrequency, and c s = T e /m i is the sound speed. Due to their large eddy size and low frequency, the most virulent of these instabilities are identified as Ion Temperature Gradi-
ent (ITG) and Trapped Electron Modes (TEM). However, recent experimental evidence
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suggests this paradigm may not be sufficient for describing electron transport in the tokamak core. Using gyrokinetic simulations focused on electron-scale turbulence, Dorland et al.
demonstrated that short wavelength electron temperature gradient (ETG) driven turbulence could form radially elongated structures known as ETG "streamers" 5 that are capable of driving experimental levels of electron heat transport 6 . However, the actual role of streamers has been unclear, as the presence of ion-scale turbulence has been predicted to shear these structures apart, destroying their impact on the electron heat transport 7 . As a result, ETG is generally thought to be significant in plasma conditions where the role of ion-scale turbulence is limited, i.e. by ExB shear suppression 8, 9 , electron internal transport barriers 10 , or in conditions similar to the H-mode pedestal 11 , leaving the origin of electron transport under many more "standard" conditions not well understood.
Investigation of high-k (k θ ρ s > 1.0) ETG turbulence using gyrokinetic simulation has, to date, focused predominantly on electron-scale simulation 5, 6, 9, 10, 12 . In conditions with unsta- 18 , and can not be quantitatively compared with experimental heat fluxes.
In this paper we present first-of-a-kind, multi-scale simulations of a magnetically confined 
II. EXPERIMENTAL AND SIMULATION SETUP
All work in this paper focuses on a low-power Alcator C-Mod L-Mode plasma discharge that has been described previously [18] [19] [20] [21] . We emphasize that this plasma possesses no unique and experiment was identified in the ion heat and impurity particle channels while an underprediction (∼ 3×) was reported in the electron heat flux [19] [20] [21] . In these previous works, scans of the turbulence drive terms a/L T i , a/L Te , a/L n , n i /n e , and E × B shear were performed using ion-scale simulations (k θ ρ s < 1.3) to demonstrate that the under prediction of the electron heat flux is robust within experimental uncertainties. It was speculated that the discrepancy in the electron heat flux may be due to high-k TEM/ETG contributions that are not captured by standard ion-scale simulation.
III. SIMULATION RESULTS
All linear and nonlinear simulation work is based on massively parallel simulations performed using the GYRO code and an updated analysis on the rotation profiles. The value of the a/L T i has been modified from its experimental value, within estimated uncertainty, to match the simulated ion heat flux obtained from ion-scale simulation to the experimental value. The input values for base simulations are summarized here: r/a = 0.6, a = 0.22 (m), n e = 1.07 (1e20), In an attempt to understand the enhancement of low-k transport in the multi-scale simulation, the low-k RMS fluctuation levels, radial correlation lengths, and phase angles of the turbulent fluctuations were evaluated from the outputs of both the ion and multi-scale simulations. A comparison of these derived simulation outputs are found in Table II . This analysis reveals increases (10−15%) in the φ, T e , and T i RMS fluctuation levels with slightly larger relative increases found in the density fluctuations (∼ 25%). With the exception of 
a 12% increase in the radial correlation length of the electron temperature, all other correlation lengths are effectively unchanged between the simulations. The phase angles in Table II were evaluated at k θ ρ s = 0.4, the peak in the low-k ion and electron heat fluxes.
Again, no significant change in the phase angles is found, suggesting that the observed low-k enhancement of the low-k heat fluxes arises almost exclusively from the combined effect of small increases in the fluctuation levels and not a shift in the phase of the fluctuations.
The presented multi-scale simulation work was motivated by understanding a robust under-prediction of the experimental electron heat flux predicted by ion-scale simulation.
Therefore, we wish to asses whether, in the presence of significant ion-scale turbulence, electron-scale turbulence can drive experimentally relevant levels of electron heat transport.
To answer this question, we plot a comparison of the heat fluxes obtained from ion-scale and Therefore, consistent with the multi-scale base case, the enhancement of the low-k electron heat flux is determined to result predominantly from the inclusion of the high-k turbulence.
The electron heat flux driven at high-k is found to increase by 80% relative to the multi-scale base case and represents 36% of the total electron heat flux. Overall, relative to the ion-scale base simulation, a 162% increase in the total electron heat flux is found which moves the electron heat flux to experimental levels. When the uncertainty in the experimental and simulated heat fluxes are considered, the multi-scale electron and ion heat fluxes are now found to be in quantitative agreement with the experiment. This result suggest that electronscale turbulence may explain the robust Q e under-prediction observed in this discharge [18] [19] [20] [21] and demonstrates for the first time that, in realistic plasma conditions with significant ion-scale turbulence, electron-scale turbulence can drive experimentally relevant levels of electron heat flux.
In summary, the simulations presented here demonstrated the coexistence of ion and electron-scale turbulence in the core (r/a=0.6) of a standard tokamak plasma, indicate that low-k turbulence is enhanced by the inclusion of high-k dynamics, and demonstrate that, in the presence of significant ion-scale turbulence, electron-scale turbulence can drive experimental levels of electron heat flux. This mechanism may resolve some known discrepancies between ion-scale simulation and experiment and represents an important step towards a predictive model for fusion plasmas. 
